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We have studied CPT violation in neutrino oscillation considering three flavor framework with mat-
ter effect. We have constructed a new way to find the oscillation probability incorporating CPT
violating terms without any approximation. Then CPT violation with atmospheric neutrinos for a
magnetized iron calorimeter detector considering the muons (directly measurable with high resolu-
tion) of the charge current events has been studied for zero and nonzero θ13 values. It is found that
a potential bound of δb32 <∼ 6×10
−24 GeV at 99% CL can be obtained with 1 Mton.year exposure of
this detector; and unlike neutrino beam experiments, there is no possibility to generate ‘fake’ CPT
violation due to matter effect with atmospheric neutrinos. The advantages of atmospheric neutrinos
to discriminate CPT violation from CP violation and nonstandard interactions are also discussed.
PACS numbers: 14.60.Pq
I. INTRODUCTION
The invariance of the product of charge conjugation
(C), parity (P ) and time reversal (T ) CPT is one of the
most fundamental symmetries in physics and it is indeed
related intimately with Lorentz invariance. The CPT
theorem [1] states that any local quantum field theory
(QFT) which is Lorentz invariant and has a Hermitian
Hamiltonian must have CPT symmetry. The general
theoretical proof of CPT invariance in particle physics
along with accurate experimental tests of CPT violation
(CPTV ) provides an attractive candidate signature for
non particle physics such as string theory [2, 3]. In par-
ticular, the assumptions needed to prove CPT theorem
are invalid for strings which are extended objects. More-
over, since the critical string dimensionality is greater
than four, it is possible that higher dimensional Lorentz
invariance breaking would be incorporated in a realistic
model. O.W. Greenberg has shown that CPT violation
implies violation of Lorentz invariance, but, CPT invari-
ance is not sufficient for out-of-cone Lorentz invariance
[4].
Consequences of CP , T and CPT violation in neu-
trino oscillation have been discussed in [21]. Briefly, for
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να → νβ flavor oscillation probabilities Pαβ at a distance
L from the source is the following. If
Pαβ(L) 6= Pα¯β¯(L) , β 6= α , (1)
then CP is not conserved. If
Pαβ(L) 6= Pβα(L) , β 6= α , (2)
then T -invariance is violated. If
Pαβ(L) 6= Pβ¯α¯(L) , β 6= α , (3)
or
Pαα(L) 6= Pα¯α¯(L) , (4)
then CPT is violated. Also it has been shown that mat-
ter effects give rise to apparent CP and CPT violation
even if the mass matrix is CP conserving.
At the experimentally accessible energies, the signals
for Lorentz and CPTV have been described by a class of
extensions of the Standard Model (SME) [5–8]. The low
energy probes of these new physics have been explored
in many experiments with current technologies [9]. A
summary on measured and derived values of the coeffi-
cients for Lorentz and CPTV in SMEs have been nicely
tabulated in [10] for matter, photon and gravity sectors.
The SME framework predicts several unusual phenom-
ena in neutrino oscillation, among which are neutrino-
antineutrino oscillation, directional dependence, uncon-
ventional energy behavior [11]. These effects have been
explored with recent experimental data at MINOS [18]
and at LSND [19] and new bounds have been obtained.
2The effect of perturbative Lorentz and CPTV on neu-
trino oscillation has also been studied in [12] with leading
order corrections arising from renormalizable operators
including the above phenomena. More consequences of
different SMEs of Lorentz and CPTV in neutrino oscil-
lation can be found in [13–15] for atmospheric solar and
baseline experiments as well as in [16, 17] for ultra-high
energy neutrino experiments.
With an effective-theory approach, a plausible spon-
taneous CPT violating minimal extension of standard
model that are also Lorentz invariance violating (LV) has
been done in [6] for Dirac particles and in [7] for Majo-
rana particles. Our analysis applies for both Dirac or
Majorana neutrinos.
In these theories the Lagrangian for a fermion to the
lowest order in the high scale can be written as
L = iψ¯∂µγµψ −mψ¯ψ −Aµψ¯γµψ −Bµψ¯γ5γµψ , (5)
where, Aµ and Bµ are real numbers. The terms contain-
ing Aµ and Bµ are clearly Lorentz invariance violating.
The effective contribution from these terms to the neu-
trino Lagrangian can be parametrized as
LCPTVν = ν¯αL bαβµ γµ νβL ; (6)
where, bµ are four Hermitian 3×3 matrices corresponding
to the four Dirac indices µ and α, β are flavor indices.
The effective Hamiltonian for ultra-relativistic neutrinos
with a definite momentum p is then
H ≡ MM
†
2p
+ b , (7)
where M is the neutrino mass matrix and b ≡ b0 in the
CPT conserving limit. If we choose a preferred frame
in which the Cosmic Microwave Background Radiation
(CMBR) is isotropic, then the rotational invariance im-
plies no directional dependence for b [7].
In presence of LV, one can obtain the same effective
Hamiltonian by considering a modified dispersion rela-
tion for neutrinos, E2 = F (p,m). Using the rotational
invariance in the CMBR frame and demanding Lorentz
invariance at low energy, this dispersion relation can be
written as [20]
E2 = m2 + p2 + EPlf
(1)|p|+ f (2)|p|2 + f
(3)
EPl
|p|3 · · · , (8)
where, f (n)’s are dimensionless quantities. EPl is the
Planck scale of energy where the Lorentz invariance is ex-
pected to be broken. For ultra relativistic neutrinos with
fixed momentum, the above dispersion relation becomes
E = p+
m2
2p
+ b · · · , (9)
with b = EPlf
(1)/2 as the leading CPT violating con-
tribution. For three flavors, it leads to the same effective
Hamiltonian as in Eq. 7.
The CPTV in neutrino oscillation was first proposed
for two flavor case in [7]. The typical frequency of neu-
trino oscillation is ∆m2/(2E). For atmospheric and long
baseline neutrinos, it can be as small as 10−22 GeV. If
the accuracy of the oscillation frequency is 10%, then one
can naively estimate the CPTV parameter to the order
of 10−23 GeV.
The CPTV in two flavor formalism has been studied
for the future atmospheric neutrino experiment at a mag-
netized iron calorimeter (ICAL) detector [22] and for long
baseline (735 km) experiment with a typical neutrino fac-
tory [23]. In [23], it has been shown that the interference
between the CPT violating interaction and CPT−even
mass terms in the Lagrangian can lead to a resonant en-
hancement of the oscillation amplitude and this may lead
to ‘fake’ CPT violation. In [24], it has been shown that
for hierarchical mass spectrum the upper bound of the
neutrino antineutrino mass difference can be achieved in
a neutrino factory is |m3 − m¯3| <∼ 1.9× 10−4 eV.
The LSND result [25] when combined with the solar
and atmospheric neutrino observations indicated three
distinct neutrino mass squared differences. Then it was
proposed that the CPT violating effects may be large
enough to make the neutrino and antineutrino spectra
significantly different [26, 27]. However, this fact was
found not to be viable when combined with other neu-
trino experiments [28], and the subsequent data of oscil-
lations corresponding to ∆m2⊙ in antineutrinos at Kam-
LAND [29] ruled it out. The CPT violation is not re-
quired to explain any neutrino oscillation data if the
LSND results are ignored in the light of the negative re-
sults of MiniBooNE [30] that explore the same parameter
space. However, the current uncertainties in the mea-
surements of ∆m221 and ∆m
2
32 [46], allow the possibility
to study CPT violating effects in neutrino oscillations,
3which may be observed or constrained at the future high
precision neutrino oscillation experiments.
From the present experimental data, in Ref. [31], it is
shown that δb <∼ 1.6 × 10−21 GeV with solar and Kam-
LAND data, and, in Ref. [32], δb <∼ 5 × 10−23 GeV with
full atmospheric and K2K data for two flavor analysis.
The three flavor analysis of CPTV is mainly needed
to account properly the matter effect and CP violating
phases. If b is not diagonal in mass basis, one needs to
introduce an unitary matrix Ub to diagonalize it. The
matrix Ub then needs three angles θb12, θb23, θb13 and
six phases for a complete parametrization and it can be
written as
Ub({θbij}; {φbi}; {αbi}; δb)
= diag(1, eiφb2 , eiφb3) ·UCKM ({θbij}; δb)·
diag(eiαb1 , eiαb2 , eiαb3) . (10)
where, αb1, αb2, αb3 are the Majorana phases and will
not have any contribution. To diagonalize the effective
Hamiltonian, the mixing matrix appears in term of a to-
tal of six mixing angles (θ12, θ23, θ13, θb12, θb23, θb13) and
four phases (δcp, δb, φb2, φb3). This makes the marginal-
ization of the data practically impossible with normal
CPUs.
In [33], the authors have analyzed CPTV for three
flavor case and have treated the effect of the CPT vio-
lating term as a perturbation parametrized by a dimen-
sionless auxiliary parameter ǫ ≡ 0.1. Finally, they iden-
tify the combinations of CPT violating parameters that
contribute to the probabilities to leading order in ǫ and
compare the signals in different channels to estimate the
extent to which these CPT violating combinations can be
constrained or identified in future long baseline experi-
ments.
In this paper, we assume b matrix to be diagonal
in mass basis. Then, there arises only two parameters
δb21 = b2 − b1 and δb32 = b3 − b2. we have introduced
a new method following Ref. [34], where diagonal b ma-
trix directly comes into the picture. So, in this formalism,
there is no need to transfer b to flavor basis. Here, we
have also assumed a preferred frame in which the CMBR
is isotropic, then the rotational invariance implies no di-
rectional dependence for b [7].
Then with this three flavor formalism, we have stud-
ied CPTV with atmospheric neutrinos for a magnetized
ICAL detector proposed at the India-based Neutrino
Observatory (INO) [35] considering the muons (directly
measurable quantities at ICAL). In this type of detector,
one can separate neutrinos and antineutrinos due to the
magnetic field.
II. NEUTRINO OSCILLATION IN MATTER
WITH CPT VIOLATION
We have incorporated CPTV interactions in a new
way where two CPTV terms come directly in the oscilla-
tion probability without any approximation. We derived
this formalism from the original work in [34]. We discuss
it here for any number of generations.
The neutrino flavor eigenstates |να(α = e, µ, τ...) and
mass eigenstates |νi(i = 1, 2, 3...) at time t = 0 are con-
nected by a unitary transformation,
|να〉 =
∑
i
Uαi|νi〉. (11)
Then for a relativistic neutrino beam with energy E,
the standard amplitude A and probability P for να → νβ
transition after time t in vacuum are
A(να → νβ) =
∑
i
Uαiexp(−1
2
im2i t/E)U
†
iβ, (12)
P (να → νβ) = |A(να → νβ)|2; (13)
where,mi are the mass eigen values and since neutrinos
are ultra relativistic t/E ≡ L/E in units ~ = c = 1.
To treat neutrino oscillation in matter, let us introduce
an arbitrary state vector in neutrino flavor space,
|ψ〉 =
∑
i
ψi(t)|νi〉 (14)
Now, at time t = 0, consider the state as να. Then
ψi(0) = Uαi and the transition amplitude is
A(να → νβ) =
∑
i
U †iβψi(t). (15)
Then time evolution in presence of matter and CPTV
term becomes
4idψj(t)/dt =
[
m2j/(2E) + bj
]
ψj(t)
+
∑
k
√
2GNeUejU
†
keψk(t)
≡ Hkjψk(t) (16)
assuming b to be diagonal in mass basis. Here, Ne and
G are the electron number density of the medium and
Fermi constant, respectively. This equation is for neutri-
nos and for antineutrinos, the sign of
√
2GNe and bi will
be reversed and U will be replaced by U∗.
The problem of propagation is therefore to diagonalize
the matrixH defined in Eq. 16. It can be diagonalized by
defining a new basis states |ν′i〉 = V †iα|να〉 = V †iαUαj |νj〉,
where V is the unitary matrix. IfM2i /(2E) are the set of
eigen values ofH , then the solution for a uniform medium
is given by replacing mi by Mi and U by V , respectively.
However, one can find the solution without explicitly
finding V in the following way. For n generation, Eq..
16 has n independent solution for the row vectors ψj(t).
At time t = 0, we choose the set of solutions ψ
(i)
j (i =
1, · · ·n) for the row vectors. These are pure mass eigen
states.
ψ
(i)
j (t = 0) = δij (17)
When these row vectors are assembled into a n × n
matrix X according to
Xij(t) = ψ
(i)
j (t), (18)
then X follows the matrix equation
idX/dt = XH (19)
with boundary condition X(t = 0) = 1. If Ne is constant,
an analytical solution is possible,
X(t) = exp(−iHt). (20)
The row i ofX matrix describes the state |νi〉 which is a
mass eigen state at the starting point (t = 0) and column
j describes the amplitude for evolving into the mass eigen
state |νj〉 at time t. Then the transition amplitude in
matter is
A(να → νβ) =
∑
ij
UαiXijU
†
jβ (21)
where,
X =
∑
k
[
Πj 6=k
(2EH −M2j 1)
δM2kj
]
exp
(
−iM
2
kL
2E
)
(22)
with δM2kj = M
2
k −M2j . If one subtracts m21/(2E) and
b1, which will not alter the oscillation probability, there
will appear ∆m2j1 and δbj1 = bj− b1 in the final formula.
We have developed a numerical program considering
the above formalism using Preliminary Reference Earth
Model (PREM) [36] for the density profile of the Earth
to find X and then the oscillation probabilities. We have
checked that when δbji = 0, the result matches exactly
with the other methods of finding oscillation probabilities
in matter.
III. CPT VIOLATION WITH ATMOSPHERIC
NEUTRINOS
A. The chi-square analysis
We have studied the atmospheric neutrino data for
the magnetized ICAL detector considering the muon en-
ergy and direction (directly measurable quantities) of
the events in context of CPT violation. Due to rela-
tively heavy mass of muon, it looses energy mostly via
ionization and atomic excitation during its propagation
through a medium. Since ICAL is a tracking detector, it
gives a clean track in the detector. The muon energy can
be measured from the bending of the track in magnetic
field or from track length in case of fully contained event.
The direction can be measured from the tangent of the
track at the vertex. From the GEANT [37] simulation
of ICAL detector, it is clear that the energy and angular
resolutions of the muons are very high (4-10% for energy
and 4-12% for zenith angle) and negligible compared to
the resolutions obtained from the kinematics of the scat-
tering processes. In our analysis, we neglect the effect
arisen due to the properties of the detector.
A new method for migration from true neutrino en-
ergy and zenith angle to muon energy and zenith angle
has been introduced in [38] and subsequently used in [39–
43]. Here we used NUANCE-v3 [44] for generating the
5events. The addition of the hadron energy to the muon
energy, which might improve the reconstructed neutrino
energy resolution, is not considered here for conserva-
tive estimation of the sensitivity. It would be realistic in
case of GEANT-based studies since the number of hits
produced by the hadron shower strongly depends on the
thickness of iron layers.
The χ2 is calculated according to the Poisson proba-
bility distribution. The binning the data is made in 2-
dimensional grids in the plane of log10E - L
0.4. For each
set of oscillation parameters, we integrate the oscillated
atmospheric neutrino flux folding the cross section, the
exposure time, the target mass, the efficiency and the two
dimensional energy-angle correlated resolution functions
to obtain the predicted data for the χ2 analysis. We use
the charge current cross section of Nuance-v3 [44] and the
Honda flux in 3-dimensional scheme [45]. This method
has been introduced in [38], but the number of bins and
resolution functions have been optimized later [39–42].
The method for migration of number of events from neu-
trino to muon energy and zenith angle bins, the number
of bins, the systematic uncertainties, and the cuts at the
near horizons are described in [39]. Both theoretical and
experimental data for χ2 analysis have been generated
in the same way by migrating number of events from
neutrino to muon energy and zenith angle bins using the
resolution functions, which has been used in our previous
work [41].
We marginalize the χ2 over the oscillation parameters
∆m232, θ23, θ13, δCP , δb21 and δb32 for both normal hi-
erarchy and inverted hierarchy with νs and ν¯s separately
for a given set of input data. Then we find the total χ2
as χ2 = χ2ν + χ
2
ν¯ .
We have chosen the range of ∆m232 = 2.0 − 3.0 ×
10−3eV2, θ23 = 37
◦− 54◦, θ13 = 0◦− 12.5◦ and δb21,32 =
0 − 5 × 10−23. ∆m221 = 7.06 − 8.34 × 10−5eV2 and
θ12 = 30.5
◦ − 40◦. However, the effect of ∆m221 comes in
the subleading order in the oscillation probability when
E ∼ GeV and it is marginal. We have set the inputs of
∆m232 = −2.5× 10−3eV2, θ23 = 45◦ and δCP = 0.
B. Result and discussions
We have studied the atmospheric neutrino oscillation
for 1 Mton.year exposure (which is 10 years run of 100
kTon) of ICAL. The bounds on δb21 and δb32 are pre-
sented in Fig. 1. It is found that the bounds are stronger
for θ13 = 0 than its nonzero values. This can be un-
derstood in the following way. The atmospheric neutri-
nos covers wide ranges of E and L. The matter effect
only plays role for neutrino with normal hierarchy and
for antineutrinos with inverted hierarchy. The matter
resonance occurs in a limited zone of E − L plane when
θ13 is nonzero. The resonance zones squeeze rapidly with
decrease in θ13 values, while the CPTV contribution is
independent of energy, baseline and θ13 values. So, the
CPTV effect is only smeared out to some extent due
to matter effect and bounds are weaker. It is very im-
portant to note that no ‘fake’ CPTV signal is arisen
with atmospheric neutrinos, which may be the possibil-
ity in case of baseline experiments. We have shown that
a strong bound of δb32 <∼ 6 × 10−24 GeV at 99% CL
can be obtained at a magnetized ICAL detector at INO,
which is much stronger, almost one order of magnitude
higher than those estimated till now for future experi-
ments. However, the bound on δb21 is very poor, which
is expected to improve in an analysis with solar neutrino
data.
It can be understood that CP and CPT violation ef-
fect can be very cleanly discriminated in atmospheric
neutrino oscillation data. The effect of θ13 and δCP ap-
pears dominantly neither in atmospheric neutrino oscil-
lation nor in solar neutrino oscillation, but appears as
subleading in both cases. These are observable in range
of E ∼ 1 GeV for atmospheric neutrino, where solar and
atmospheric neutrino oscillations couple. See Fig. 1 and
2 in Ref. [40]. It has also been shown in Fig. 7 in Ref.
[40] that if Eν > 2 GeV, the sensitivity to CP phase
is very negligible. The sensitivity to CPTV comes from
the sensitivity of ∆m232 of the experiment. From our pre-
vious work [42], it can be understood that sensitivity to
∆m232 will not be lost significantly if one consider events
with Eν > 2 GeV. So, Eν = 2 GeV can be considered
roughly the boundary line for CP and CPT violation
studies with atmospheric neutrinos.
The nonstandard interactions may mimic as a signa-
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FIG. 1: The bounds on δb32 (left) and δb21 (right) for input θ13 = 0
◦ and 7.5◦. The curves for δb21 with θ13 = 0
◦ and 7.5◦ have
overlapped on each other. We have set other oscillation parameters at their best-fit values and considered inverted hierarchy as input.
The marginalization has been carried out over whole allowed ranges of all oscillation parameters (discussed in the text).
ture of CPT violation. However, this can also be sep-
arated out to an extent using atmospheric neutrino os-
cillation at a magnetized detector. In case of nonstan-
dard interactions, its contribution comes through mat-
ter resonance which occurs for some particular zones in
L − E plane of neutrinos with normal hierarchy and for
antineutrinos with inverted hierarchy. These zones does
not move significantly with the change of oscillation pa-
rameters for their present ranges of the uncertainties. On
the other hand, CPTV effect comes over whole L − E
plane. So, again separating the resonance zones, one can
separate out the CPT violation from nonstandard inter-
actions.
The separation of CP violation, CPT violation and
nonstandard interactions can be done for atmospheric
neutrinos since it covers wide ranges of E and L and
contains both neutrinos and antineutrinos. This is a ma-
jor advantage of atmospheric neutrino experiment with
a magnetized detector over neutrino beams.
IV. CONCLUSION
We have studied CPT violation in neutrino oscillation
in a full three flavor framework with matter effect con-
structing a new way to find the oscillation probability
so that CPT violating terms are incorporated in the os-
cillation probability formula without any approximation.
We carried out this study with atmospheric neutrinos for
a magnetized iron calorimeter detector considering the
muons (directly measurable with high resolution) of the
charge current events. We have shown that a stringent
bound of δb32 <∼ 6 × 10−24 GeV at 99% CL can be ob-
tained at a magnetized ICAL detector with 1 Mton.year
exposure, which is much stronger, almost one order of
magnitude higher than those estimated till now for fu-
ture detectors. The advantages of atmospheric neutrinos
to discriminate the effect of CPT violation, CP violation
and nonstandard interactions are also discussed.
Acknowledgements: The author thanks Amol Dighe
and Sandip Pakvasa for their comments and discussions
on the manuscript. This research has been supported by
the Neutrino Physics projects at HRI. The use of excel-
lent cluster computational facility installed by the funds
of this project is also gratefully acknowledged. The gen-
eral cluster facility of HRI has also been used for a part
of this work.
[1] J. Schwinger, Phys. Rev. 82 (1951) 914; G. Lu¨ders, Kgl.
Danske Videnskab. Selskab. Mat.-Fys. Medd. 28, No. 5
(1954); W. Pauli, in Niels Bohr and the Development of
Physics, edited by W. Pauli, L. Rosenfeld, and V. Weis-
7skopf (Pergamon, London, 1955), p. 30; J.S. Bell, Proc.
R. Soc. London A 231, 479 (1955).
[2] V.A. Kostelecky´ and R. Potting, Nucl. Phys. B 359
(1991) 545; Phys. Lett. B 381 (1996) 389.
[3] V.A. Kostelecky´ and R. Potting, Phys. Rev. D 51 (1995)
3923. See also V.A. Kostelecky´, R. Potting, and S.
Samuel, in S. Hegarty et al., eds., Proceedings of the
1991 Joint International Lepton-Photon Symposium and
Europhysics Conference on High Energy Physics, World
Scientific, Singapore, 1992;
V.A. Kostelecky´ and R. Potting, in D.B. Cline,
ed., Gamma Ray–Neutrino Cosmology and Planck
Scale Physics (World Scientific, Singapore, 1993)
(hep-th/9211116).
[4] O. W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002)
[arXiv:hep-ph/0201258].
[5] G. Amelino-Camelia et al., AIP Conf. Proc. 758, 30
(2005), gr-qc/0501053; R. Bluhm, Lec. Notes Phys. 702,
191 (2006), hep-ph/0506054.
[6] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760
(1997) [arXiv:hep-ph/9703464].
[7] S. R. Coleman and S. L. Glashow, Phys. Rev. D 59,
116008 (1999) [arXiv:hep-ph/9812418].
[8] V. A. Kostelecky´, Phys. Rev. D 69, 105009 (2004).
[9] S. Reinhardt et al., Nature Physics 3, 861 (2007); H.
Mueller et al., Phys. Rev. Lett., 99, 050401 (2007); V.
W. Hughes et al., Phys. Rev. Lett., 87, 111804 (2001); Y.
B. Hsiung et al., Nucl. Phys. Proc. Suppl, 86, 312 (2000);
J. Link et al., Phys. Lett. B, 556, 7, (2003); B. Aubert
et al., Phys. Rev. D, 70, 012007 (2004); J.B.R. Battat
et al., Phys. Rev. Lett., 99, 241103 (2007); P. Wolf et
al., Phys. Rev. Lett., 96, 060801 (2006); H. Demelt et
al., Phys. Rev. Lett, 83, 4694 (1999); B. Heckel et al.,
Phys. Rev. Lett., 97, 021603 (2006); M.D. Messier, in
Proceedings of the Third Meeting on CPT and Lorentz
Symmetry, edited by V.A. Kostelecky´ (World Scientific,
2005), p.84.
[10] V. A. Kostelecky and N. Russell, arXiv:0801.0287 [hep-
ph].
[11] V. A. Kostelecky and M. Mewes, Phys. Rev. D 69, 016005
(2004) [arXiv:hep-ph/0309025].
[12] J. S. Diaz, V. A. Kostelecky and M. Mewes, Phys. Rev.
D 80, 076007 (2009) [arXiv:0908.1401 [hep-ph]].
[13] V. A. Kostelecky and M. Mewes, Phys. Rev. D 70, 031902
(2004) [arXiv:hep-ph/0308300].
[14] T. Katori, V. A. Kostelecky and R. Tayloe, Phys. Rev.
D 74, 105009 (2006) [arXiv:hep-ph/0606154].
[15] V. A. Kostelecky and M. Mewes, Phys. Rev. D 70, 076002
(2004) [arXiv:hep-ph/0406255].
[16] M. Bustamante, A. M. Gago and C. Pena-Garay, JHEP
1004, 066 (2010) [arXiv:1001.4878 [hep-ph]].
[17] A. Bhattacharya, S. Choubey, R. Gandhi and A. Watan-
abe, arXiv:1006.3082 [hep-ph].
[18] P. Adamson et al. [MINOS Collaboration], Phys. Rev.
Lett. 101, 151601 (2008) [arXiv:0806.4945 [hep-ex]].
[19] L. B. Auerbach et al. [LSND Collaboration], Phys. Rev.
D 72, 076004 (2005) [arXiv:hep-ex/0506067].
[20] D. Mattingly, Living Rev. Rel. 8, 5 (2005)
[arXiv:gr-qc/0502097].
[21] N. Cabibbo, Phys. Lett. B72, 333 (1978); V. Barger,
K. Whisnant, R.J.N. Phillips, Phys. Rev. Lett. 45, 2084
(1980); S. Pakvasa, in Proc. of the XXth International
Conference on High Energy Physics, ed. by L. Durand
and L.G. Pondrom, AIP Conf. Proc. No. 68 (AIP, New
York, 1981), Vol. 2, p. 1164.
[22] A. Datta, R. Gandhi, P. Mehta and S. Uma Sankar, Phys.
Lett. B 597, 356 (2004) [arXiv:hep-ph/0312027].
[23] V. D. Barger, S. Pakvasa, T. J. Weiler and
K. Whisnant, Phys. Rev. Lett. 85, 5055 (2000)
[arXiv:hep-ph/0005197].
[24] S. M. Bilenky, M. Freund, M. Lindner, T. Ohlsson
and W. Winter, Phys. Rev. D 65, 073024 (2002)
[arXiv:hep-ph/0112226].
[25] A. Aguilar et al. [LSND Collaboration], Phys. Rev. D 64,
112007 (2001) [arXiv:hep-ex/0104049].
[26] G. Barenboim, L. Borissov, J. D. Lykken
and A. Y. Smirnov, JHEP 0210, 001 (2002)
[arXiv:hep-ph/0108199].
[27] H. Murayama and T. Yanagida, Phys. Lett. B 520, 263
(2001) [arXiv:hep-ph/0010178].
[28] A. De Gouvea, Phys. Rev. D 66, 076005 (2002)
[arXiv:hep-ph/0204077].
[29] J. Shirai [KamLAND Collaboration], Nucl. Phys. Proc.
Suppl. 168, 77 (2007).
[30] A. A. Aguilar-Arevalo et al. [The MiniBooNE Col-
laboration], Phys. Rev. Lett. 98, 231801 (2007)
[arXiv:0704.1500 [hep-ex]].
[31] J. N. Bahcall, V. Barger and D. Marfatia, Phys. Lett. B
534, 120 (2002) [arXiv:hep-ph/0201211].
[32] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rev. D
70, 033010 (2004) [arXiv:hep-ph/0404085].
[33] A. Dighe and S. Ray, Phys. Rev. D 78, 036002 (2008)
[arXiv:0802.0121 [hep-ph]].
[34] V. D. Barger, K. Whisnant, S. Pakvasa and
R. J. N. Phillips, Phys. Rev. D 22, 2718 (1980).
[35] See report, M. S. Athar et. al.
[INO Collaboration], available at
http://www.imsc.res.in/∼ino/OpenReports/INOReport.pdf
8[36] A. M. Dziewonski and D. L. Anderson, Phys. Earth
Planet. Interiors 25, 297 (1981).
[37] http://geant4.web.cern.ch/geant4/
[38] A. Samanta, Phys. Lett. B 673, 37 (2009)
[arXiv:hep-ph/0610196].
[39] A. Samanta, Phys. Rev. D 79, 053011 (2009)
[arXiv:0812.4640 [hep-ph]].
[40] A. Samanta, Phys. Rev. D 80, 073008 (2009)
[arXiv:0907.3978 [hep-ph]].
[41] A. Samanta, Phys. Rev. D 81, 037302 (2010)
[arXiv:0907.3540 [hep-ph]].
[42] A. Samanta, Phys. Rev. D 80, 113003 (2009)
[arXiv:0812.4639 [hep-ph]].
[43] A. Samanta, arXiv:1001.5344 [hep-ph].
[44] D. Casper, Nucl. Phys. Proc. Suppl. 112, 161 (2002)
[arXiv:hep-ph/0208030].
[45] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa
and T. Sanuki, Phys. Rev. D 75, 043006 (2007)
[arXiv:astro-ph/0611418].
[46] G. L. Fogli et al., Phys. Rev. D 78, 033010 (2008)
[arXiv:0805.2517 [hep-ph]].
